The inhibition effect of serum on the transfection efficiency tion efficiency of lipoplexes by their cationic lipid:DNA of cationic liposome-DNA complexes (lipoplexes) is a ratios, types of liposomes, incubation time in polyanion major obstacle to the application of this gene delivery veccontaining media, and time of serum addition, are tor both in vitro and in vivo. The size of the lipoplexes, as mediated mainly through size. Lipoplexes at a 2:1 charge they are presented to targeted cells, is found to be the ratio grow in size in media containing polyanions. The size major determinant of their effectiveness in transfection.
Introduction
The use of cationic lipids as a vector for gene transfer has gained wide acceptance over the last decade. Since the initial report 1 of the use of lipoplexes 2 for delivery of nucleic acids, much time and effort has been devoted to improving the efficiency of transfer in hope of finding a useful synthetic gene delivery system. The use of lipoplexes has several advantages over viral vectors, such as the ability to make in large quantities and to administer repeatedly in vivo with the avoidance of immune reaction. 3, 4 Yet, with all the effort invested in this work, the efficiency of delivery still falls below useful in vivo levels.
Many studies have been made to understand better lipoplex structure and mechanism of delivery. Lipoplex structure 5 has been studied by transmission electron microscopy, [6] [7] [8] atomic force microscopy, 9 DNA protection by lipids, 7, 10 and most recently by X-ray diffraction. 11 The mechanism of gene delivery by lipoplexes has been investigated by fusion activities, 12 ,13 methods of cellular uptake 13, 14 and DNA release from the lipoplexes into the cytoplasm. 10, 15 Parameters that are known to influence structure and delivery include complexing volume, 16 lipid composition and charge ratio of cationic lipid to DNA. 17 The inclusion of a helper lipid with fusigenic ability, such as unsaturated phosphatidylethanolamines, have also been found to increase transfer efficiency. 17, 18 The mode of action of lipoplexes in vitro is believed to be through endocytosis of complexes 6, 13, 18 with eventual transfer of DNA into the cytoplasm through fusion of the complexes with or rupture of the endosomal membrane. 13, 19, 20 Correspondence: SW Hui Received 17 February 1998; accepted 26 October 1998 The presence of serum in the transfection media has been found to be inhibitory to gene transfer, 21 and most lipofections are carried out, at least initially, in serumfree media. 1, 22 It is known that serum proteins interact with the membrane bilayers of liposomes, destabilizing them. 23 Serum proteins may block lipoplex association with cell membranes, 21, 24 reducing their ability to aggregate at the membrane 6 and may also lessen uptake into endosomal vesicles. 25 The presence of serum proteins is inescapable in vivo, and is desirable in vitro because it allows for increased cell survival and lowered lipoplexassociated toxicity. The ability to transfect in serum is thus highly desirable.
In previous work, complex size has been mentioned as a factor in transfection efficiency. Some investigators have argued that size is not associated with activity, 26 or that transfection efficiency is independent of initial vesicle size. 15 Others have determined that either smaller lipoplexes 27 or larger lipoplexes are more efficient, 16, 28 and also that larger complexes formed by multilamellar vesicles are more efficient than smaller complexes formed by small unilamellar vesicles without specifying the relative importance of size and liposome type. 17 Previous work in this laboratory has shown that complex size can be altered by incubation of lipoplexes containing unsaturated phosphatidylethanolamines with polyanions. 6, 14 Others have found that incubating liposomes with anions induces aggregation and fusion. 29 Compaction of liposomes with DNA at high ion concentrations has been found to maintain efficiency in the presence of serum, 30 yet no correlation with complex size was made.
In this article, we provide evidence that lipoplex size is a major determinate of transfection efficiency. Among the factors that determine the complex size are liposome type, the presence or absence of polyanions in the medium, and the presence or absence of serum in the medium. We have developed a method whereby the size of the lipoplex formed can be regulated based upon incubation in media-containing polyanions. Complex size is found to stabilize upon serum addition. With this stabilization we are able to increase transfection efficiency with liposomes of any initial size and type in serum-containing media by controlling the size of the lipoplex before addition to serum-enhanced media. This work encourages the use of larger lipoplexes to overcome serum inhibition during lipofection.
Results
Serum inhibition is dependent on charge ratio and liposome type Lipoplexes composed of the cationic lipid 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and 1,2-dioleoylsn-glycero-3-phosphoethanolamine (DOPE) (1:1) along with the reporter plasmid pSV-␤gal experience differing levels of inhibition of lipofection by the presence of serum, depending upon the charge ratio (cationic lipid:DNA) of the lipoplex. At a charge ratio of 2:1, the presence of serum in the transfection media lowers the level of lipofection over what is found in the absence of serum in the transfection media ( Figure 1a) . The percentage of inhibition upon serum addition is relatively even for complexes composed of small unilamellar vesicles (SUVs) and of multilamellar vesicles (MLVs), although the former tend to be less efficient. Lipoplexes of a 1:2 charge ratio do not show as strong an inhibition of lipofection by serum (Figure 1b ). For MLV lipoplexes at this charge ratio, there is no significant drop of lipofection between serum-free and serum-supplemented transfection media. A significant, yet small drop is seen for SUV lipoplexes.
Lipoplex size can be controlled by incubation in polyanionic media Incubation of lipoplexes in media containing high concentrations of bicarbonate ions leads to the growth of complexes with a 2:1 charge ratio (Figure 2a and b) . Before addition of bicarbonate ions, the sizes of complexes in bicarbonate-free media remains stable (Figure 2a and b) . Upon addition of media-containing polyanions such as bicarbonates to lipoplexes, MLV and SUV lipoplexes at a 2:1 charge ratio increase in size greatly. These lipoplexes change from 650 nm to eventually over 2200 nm in diameter for MLV lipoplexes and from 300 nm to over 2100 nm for SUV lipoplexes. Complexes at a 1:2 charge ratio show little, if any, growth in polyanion-containing media. MLV lipoplexes at these charge ratios show no growth over several hours, whereas SUV lipoplexes show a slow but continuous growth over the same time period. The addition of serum at any time-point of incubation arrests the growth of lipoplexes at a 2:1 charge ratio (Figure 3a and b) . The effects of serum and polyanion-containing medium on the zeta potential of lipoplexes were also measured. For MLV lipoplexes at a 2:1 charge ratio, the addition of polyanions and polyanions with serum decreases the zeta potential from +44 mV to +6 and −7 mV, respectively.
Lipofection efficiency depends on charge ratio and polyanionic media Lipoplexes at a 2:1 charge ratio show an increasing lipofection efficiency with increasing time of incubation in bicarbonate-containing media (Figure 4a and b) . This effect is noted in both MLV and SUV lipoplexes. Lipoplexes at a 1:2 charge ratio show little variation in their lipofection efficiency with increasing incubation time in bicarbonate-containing media. The effect experienced by complexes at a 2:1 charge ratio is mediated by the polyanions in the media. The lipofection efficiency is much greater after incubation in bicarbonate-containing media than after incubation in bicarbonate-free media ( Figure  4a and b) for complexes at a 2:1 charge ratio, yet for complexes at a 1:2 charge ratio, the transfection efficiency is similar regardless of incubation medium. based upon their charge ratios and times of incubation in bicarbonate-containing media. Lipoplexes at a 2:1 charge ratio show increasing levels of total association with increasing time of incubation in bicarbonate-containing media ( Figure 5a ). Lipoplexes at a 1:2 charge ratio show no increase in total cellular association with increasing time of incubation in bicarbonate-containing media ( Figure 5a ). The same pattern also holds true for the uptake of the fluorescently labeled lipoplexes with both 2:1 and 1:2 charge ratios ( Figure 5b ).
Correlation of lipoplex size with lipofection efficiency and lipoplex association
Correlation of lipofection efficiency with lipoplex size (Figure 6a) indicates that as the size of the complexes increases, so does the lipofection efficiency. Lipoplexes at a 2:1 charge ratio grow to large sizes in bicarbonatecontaining media, and have a higher lipofection efficiency. Lipoplexes at a 1:2 charge ratio grow slightly or maintain their original diameters in bicarbonatecontaining media, depending upon liposome type, and lipofection changes correspondingly. A relationship is obtained where the logarithmic increase of lipofection efficiency varies linearly with the logarithmic increase of lipoplex size over the span of nearly two orders of magnitude, indicating lipoplex size is correlated with lipofection efficiency, regardless of liposome type.
The cellular association and uptake of fluorescently labeled lipoplexes (Figure 6b and c) also increase with increasing lipoplex size. Lipoplexes at a 2:1 charge ratio show increasing cellular association and uptake with increasing time of incubation in F10 media and also grow to large sizes in F10 media. Size growth does not occur in lipoplexes at a 1:2 charge ratio with incubation in F10 media and cellular association and uptake also does not increase with incubation in bicarbonate-containing F10 media.
Effect of serum on association/uptake of lipoplexes Serum proteins have been found to affect lipoplex action by inhibiting association with cellular membranes. The total association of lipoplexes (Figure 7a ) when exposed to cells in F10 alone was found to be higher than when exposed to cells in F10 plus 13% serum for lipoplexes of MLV:DNA (1:2), SUV:DNA (2:1 and 1:2) and approxi- mately equal for lipoplexes of MLV:DNA (2:1). Lipoplexes which were incubated in polyanion-containing F10 for 2 h before exposure to cells in 13% serum showed great increases for lipoplexes at 2:1, above what was found in F10 alone, whereas lipoplexes at 1:2 show little if any increase in association from what is found for similar lipoplexes which have not been incubated in F10 before addition to cells. The same general trend exists for lipoplexes when the uptake is studied by fluorescence (Figure 7b ).
Association/uptake is related to particle size Exposure of plated cells to fluorescently labeled latex beads of sizes ranging from 35 nm to 2200 nm followed by washing of the cells with PBS, indicates that latex bead size is related to the association and/or uptake of the beads by the cells (Figure 8 ). An increase of fluorescence is found in cells that have been exposed to larger fluorescent beads than those which have been exposed to smaller fluorescent beads, after normalization for the total fluorescence intensity of beads of different sizes. 
Discussion
Many parameters are known to affect the efficiency of gene transfer by lipoplexes. Among these parameters are the composition of the liposomes, the charge ratio or cationic lipid to DNA ratio, the type of liposome, lipoplex concentration, cell treatment protocol, complexing volume and the transfection medium. Various efforts have been undertaken in the past 10 years to understand these factors. However, until the mechanism of lipofection is fully understood, optimization will remain largely a result of trial and error.
Previous work on optimizing parameters for lipofection in vitro has largely been undertaken in the absence of serum. Lipoplex efficiency has been found to be inhibited in the presence of serum. This inhibition has been attributed to liposome destabilization, interruption of the cationic lipid-DNA interaction, or prevention of lipoplex association with the cell membrane (and subsequently lower uptake). After examining several relevant factors, we have determined that lipoplex size is a major determinant of lipofection. This is due to larger lipoplexes leading to greater cellular association and uptake than smaller lipoplexes. Serum acts in inhibiting size growth of lipoplexes, and thus ultimately reducing levels of gene transfer.
In this study, we tested the influence of several parameters, including cationic lipid to DNA ratios, types of precursor liposomes (SUV versus MLV), incubation in polyanionic medium, and the effect of serum. The net charge alone is not a major determining factor, because in the absence of polyanions the positively charged MLV or SUV lipoplexes are only slightly more effective than their negatively charged counterparts (Figure 4a and b) . Neither are the types of liposome a major determining factor, because SUV lipoplexes at a 2:1 charge ratio, incubated in bicarbonate-containing media are more effective than their MLV equivalents incubated in bicarbonate-free media (Figure 4a and b) . Incubation in polyanion-containing medium significantly improves the transfection efficiency of lipoplexes at a 2:1 charge ratio, and at the same time, causes a significant size increase (Figure 2a and b). While polyanions have little effect on the size of lipoplexes at a 1:2 charge ratio (Figure 2a and b) , the effect on their transfection efficiency, cellular association and uptake of lipoplexes is also insignificant (Figures 4a Figure 8 The
fluorescence of cells which have been exposed to fluorescent latex beads of differing sizes is shown. Cells which have been exposed to latex beads for 2 h () or 4 h (᭹) and then washed twice with PBS before measuring fluorescence show an increase of fluorescence with increasing latex bead size. Points shown have been corrected so as to reflect the fluorescence obtained after exposure to a quantity of latex beads of equal fluorescence.
and b, and 5a and b). Furthermore, the presence of serum inhibits size growth (Figure 3a and b) and at the same time inhibits transfection efficiency ( Figure 1a) . The inhibition may be overcome by letting the lipoplexes grow in polyanion-containing media before addition to serumcontaining transfection media. Endocytosis, the major route of lipoplex entry into culture cells, 6 ,13,18 is known to be affected by particle size, 31 ,32 although optimal sizes may vary for different cell lines. We have determined an increase of endocytosis with increasing particle size up to 2.2 m, and possibly beyond, for CHO cells (Figure 8 ). These points lead to the conclusion that the size of the lipoplexes is a major factor determining lipofection. Indeed, in the logarithmic plot of the size against the transfection efficiency, along with plots of size versus association and uptake, apparently linear relationships are obtained, regardless of liposome type, complex charge and the presence of polyanions or serum ( Figure  6a, b and c) . The contributions of other parameters are channeled mostly through their influence on lipoplex size. Admittedly, size is not the only determinant that factors in transfection. Even when lipoplexes composed of SUVs or of MLVs are approximately the same size, MLV lipoplexes tend to transfect better. Possibly structural differences may exist, and this is currently being explored.
The dominant role of size on lipofection may now be applied to explain the transfection inhibition effect of serum. When lipoplexes with a 2:1 charge ratio are used to transfect culture cells, the addition of serum inhibits size growth, leading to high levels of transfection inhibition (Figure 1a) . At low levels of serum, these complexes may still grow while in a transfection medium of high bicarbonate concentration, but as serum concentration increases, the serum components act to inhibit further growth (Figure 3a and b) and subsequently retard the uptake of lipoplexes. Those lipoplexes which are known not to grow in the presence of polyanions would then be expected to have transfection less affected by the presence of serum. This is found with lipoplexes with 1:2 charge ratios (Figure 1b) . For these lipoplexes, there is no significant difference in transfection efficiency between MLV lipofection in transfection media of bicarbonatecontaining F10 or in F10 with serum, and only slight decreases in SUV lipofection. The slight decreases found in SUV lipofection may be a result of SUV lipoplexes, at this charge ratio, being able to grow slightly in media with polyanions and without serum. The great difference in transfection efficiencies between MLV and SUV lipoplexes of Figure 1b can also be found to be a function of size. Initial and final sizes of MLV lipoplexes are always well above those of SUV lipoplexes. Size differential leads to much of this disparity.
In comparison with the effect of size on transfection efficiency, the effect of several other parameters are much less significant. DNA can be degraded by serum proteins, more so for the 1:2 than 2:1 lipoplexes (results not shown). However, the lipofection efficiencies of lipoplexes at a 1:2 charge ratio in serum-free and serum-containing media do not differ much, as shown in Figure 1b . In contrast, as seen in Figure 6a , lipoplexes at a 1:2 charge ratio have vastly different levels of transfection and the levels correlate well with size. Furthermore, in serum, MLV lipoplexes at a 1:2 charge ratio are even more effective than SUV lipoplexes at a 2:1 charge ratio (Figure 4a and b). Therefore, we do not believe that serum-induced DNA degradation is as important as lipoplex size in transfection efficiency. It has also been determined that serum inhibits association of lipoplexes with the cell membrane and that increasing the charge ratio allows lipoplexes to overcome the serum proteins. 24 Serum indeed inhibits lipoplex-cell association, but the effect of charge is not as strong as the effect of size increase in overcoming and exceeding this inhibition (Figure 7a and  b) . Others have found that lipoplexes which are made at higher concentrations 33 or by sequential addition of lipids to DNA have greater efficiency. 34 Lipoplexes which are made at higher concentrations are known to form complexes of larger size, 16 and possibly sequential addition of lipids to DNA also results in larger lipoplex size. This would result in greater lipoplex-cell association, to the point of overcoming the serum inhibition effect.
It is possible that the surface charge of the lipoplexes is altered with incubation in polyanionic media and/or with serum. There have been studies which have linked the zeta potential to the transfection efficiency of cationic liposomes, 35 and others where no correlation has been found. 26 Although there may be a correlation, we do not believe that the zeta potential of the lipoplexes plays as great a role in lipofection as does the size of the lipoplex. Our measurements show that, while both the addition of polyanions and serum reduce the zeta potential of MLV lipoplexes at a 2:1 charge ratio to a similar extent, the transfection efficiency increases dramatically with polyanion-induced size increase, but the size and transfection efficiency remain low in the presence of polyanions plus serum (Figures 2a, 3a, 4a and 6a) . Therefore, the influence of zeta potential on transfection efficiency is insignificant, if any, in comparison to the size increase.
Another factor that is important in the size consideration is the kinetics of lipoplex formation. In preparation of lipoplexes, the concentrations of liposomes and DNA used, especially the complexing volume, are critical. 16 If the complexing volume is sufficiently high, aggregation will occur in the absence of bicarbonate or any other polyanion. Maturation of lipoplexes has been found to 657 provide a defense against serum inhibition. 36 In that study, the transfection efficiency and, to a lesser degree, the lipoplex size were found to increase with lipoplex incubation time in RPMI/HBSS. Although not given in that report, a possible initial (Ͻ1 min incubation) jump in size when the lipoplexes were mixed with phosphatecontaining HBSS could be responsible for the rapid initial increase in transfection efficiency. In our case, the complexing volume was low enough so that no spontaneous lipoplex aggregation occurred. However, rapid increase in lipoplex size was found when the samples were added to bicarbonate-containing F10 medium, then both the size and transfection efficiency increased gradually with time ( Figures 2-4) . The size increase could be at least partially responsible for the observed 'maturation' effect. Therefore, the mixing procedure and timing are critical to transfection efficiency.
Conflicting reports exist upon the optimal size of lipoplexes for lipofection. Previous findings have determined that either lipoplex size did not correlate with lipofection 26 or that lipoplexes 27 or liposome-polymer-DNA complexes 37 of smaller size are more efficient than larger sized complexes. In some of these reports, the sizes of complexes studied did not encompass the entire range of sizes necessary to elucidate any correlation. Other reports do not include full evidence for their observations. Furthermore, the size changes during storage and treatment times are seldom documented. A recently synthesized cationic lipid has been found to be serum resistant. 25 Although no physical studies were performed on lipoplexes formed from this new cationic lipid, it may be that such lipoplexes naturally form larger lipoplexes which are stable in serum. Size heterogeneity is another factor that is difficult to control, and often raises doubts on which size fraction is responsible for transfection. 36 These factors contribute to the conflicting data reported to date.
In this study, we addressed these variables separately. We monitored the lipoplex size by quasi-elastic light scattering at all time-points. These measurements indicate that, apart from an ever-present minor (Ͻ10% by volume) fraction of particles of about 100 nm in diameter, which we believe to be an invariant complex of serum with either liposomes or plasmid DNA, our sole, major fraction in each sample is homogenous in size. The size of this major population varies with incubation media, time of incubation and charge ratio. The lipofection efficiency, along with lipoplex-cell association and lipoplex uptake vary in course. We therefore demonstrated that it is the major population which is determinant in lipofection. The role of lipoplex 'maturation' without size change may also be ruled out in our study. Lipoplexes which are incubated in F10 without bicarbonate, along with lipoplexes at a 1:2 charge ratio in F10 with bicarbonate for periods of up to 2 h show no size increase or increase in their ability to overcome any serum inhibition effect, as shown in Figure 4 . The only effect found in this study is seen with the incubation of lipoplexes with a 2:1 charge ratio in media with bicarbonate, the lipoplexes so made also increase in size with time. We can therefore confidently relate the ability to overcome any serum inhibition to be due mainly to size increase.
It should be stressed that our results are limited to DOTAP and those cell lines that are active in endocytosis. The current theory on endocytosis suggests that there is a size limit for what may be taken up by cells. 38 It seems logical that a size limitation must exist, as most cell types would not be able readily to take up complexes as large as or even larger than themselves. We believe that for the cell type we are using, the upper size limit for lipoplex uptake is above the size of lipoplexes we are forming, and that a cutoff in lipofection would occur with further increases of lipoplex size. For certain cell lines such as CHO which is used here, granules can be formed and enlarged from small lipoplexes on the cell surface by membrane-directed movement. 6 This mechanism would extend the lower limit of effective lipoplex size. For other cationic lipids and cell types, particle size-dependent endocytosis may not be the rate limiting step in lipofection efficiency. Furthermore, new sets or parameters should be considered for in vivo applications. Yet, we have reason to believe that a great many cases of in vitro lipofection are governed by particle size-dependent endocytosis, in which lipoplex size is a crucial parameter.
Our findings suggest that lipoplex size is of the utmost importance for gene transfer to actively endocytosing cells. Many older methods of transfection, such as using calcium phosphate or DEAE-Dextran granules, may also be subject to this criterion. We suggest that lipofection inhibition by serum is largely due to the serum inhibition of lipoplex growth, and may be circumvented by using large, stable lipoplexes. To this end, we are able to regulate lipoplex size by controlled reaction with polyanions, and stop the complex growth by addition of serum-to the mixture. Lipofection can be greatly increased in this manner. However, precise size selection is a demanding task, as SUV lipoplexes are quite unstable. MLV lipoplexes, being more stable and less prone to possible serum-induced instability, are thus seen as a more favorable choice.
Materials and methods
Cell culture and lipofection procedures Chinese hamster ovary (CHO) cells from the American Type Culture Collection (Rockville, MD, USA) were grown on 13% newborn calf serum (Gibco BRL, Grand Island, NY, USA) in F10 nutrient mixture (Gibco BRL) with 0.5% penicillin-streptomycin-neomycin antibiotic mix (Gibco BRL) and passaged twice weekly by trypsinization.
Liposomes were prepared by drying lipids from a chloroform solution under a stream of nitrogen and further drying under vacuum for 3 h. All lipids used in experiments including DOPE, DOTAP and F-PE were purchased from Avanti Polar Lipids (Alabaster, AL, USA). These lipids were re-suspended with deionized water to a concentration of 2 mole/ml. MLVs result from vortexing this solution, SUVs from sonication of this solution in a bath type sonicator (Laboratory Supply, Hicksville, NY, USA) for 10 min under a nitrogen atmosphere, until clarity was achieved. The plasmid pSV-␤gal containing a gene coding for ␤-galactosidase under the control of the simian virus promoter were grown in Escherichia coli and isolated via the maxi prep kit from Qiagen (Chatsworth, CA, USA) and stored in STE buffer (100 mm NaCl, 10 mm TrisCl pH 8.0, 1 mm EDTA) at a concentration of 3 mole/ml. The presence of the gene was verified by excision with PstI and HindIII restriction enzymes.
Cells were plated in Corning (Corning, NY, USA) 96-well plates and allowed to grow until they reached 80-90% confluence (18-20 h after plating). Before lipofection, the cells were washed twice with and then covered by the transfection media. On the day of experimentation, liposomes were added to deionized water (1:5.9), and then the appropriate volume of plasmid was added to form lipoplexes of the desired charge. Within 5 min, bicarbonate-free or bicarbonate-containing media (F10 media without or with 14.3 mm NaHCO 3 ; Gibco BRL) was added (liposome:F10 at 1:7.5) and incubated for stated time-periods at room temperature. Lipofection was evaluated by exposing the plated cells, in 13% serum, to the lipoplexes for 4 h, followed by removal of the transfection media and addition of fresh media-containing serum. Cells were allowed to incubate at 37°C for 48 h and then evaluated for ␤-galactosidase activity following Promega (Madison, WI, USA) protocol TB097 for X-gal staining. Clones stained with X-gal were counted on an Olympus (Melville, NY, USA) IMT-2 inverted microscope. Alternatively, cells were assessed for ␤-galactosidase activity via Promega protocol TB097 for o-nitrophenyl-␤-d-galactopyranoside (ONPG) (Promega) incubation. Data obtained from counting stained cells were converted to mU ␤-galactosidase by calibration with several samples that were evaluated by both X-gal staining and ONPG spectrometry, with correction for the amount of DNA used. Total protein measurements were made by trypsinizing transfected cells, followed by pelleting and washing with PBS, and then analyzing protein content by the bicinchoninic acid (BCA) protein assay reagent from Sigma (St Louis, MO, USA).
Lipoplex size measurements
Lipoplex sizes were measured by quasi-elastic light scattering (QLS), using a particle sizer model 370 (Nicomp Particle Sizing Systems, Santa Barbara, CA, USA). The particle sizer was calibrated with latex beads between the sizes of 30 nm and 2980 nm. Lipoplexes were formed by the addition of plasmid to liposomes in deionized water as in the lipofection procedure. Bicarbonate-free or bicarbonate-containing media were added to the lipoplexes as in the transfection procedure and incubation carried out at room temperature, for stated periods of time. Serumcontaining media were then added to the lipoplex (to stabilize size for measurement). Sample size was analyzed by multi-modal NICOMP vesicle analysis to determine the size of lipoplexes. Sizes presented represent multiple measurements of different samples made from different liposome preparations and on different days. Zeta analysis of lipoplex samples were made with a Nicomp 380 ZLS zeta-potential submicron particle sizer (Nicomp Particle Sizing Systems, Santa Barbara, CA, USA).
Lipoplex association and uptake
Lipoplexes which were used for cell association and uptake measurements were labeled with 2 mol % F-PE. Lipoplexes were prepared and exposed to the cells following the lipofection procedure except that 12-well plates were used. Lipoplexes were always added to cells in 13% serum, unless noted. Cells were exposed for either 0 h or for 2 h. Cells were washed after these time-points with PBS, and then scraped from the surface of the plates, while in PBS. The fluorescence levels of the samples were read with an excitation wavelength of 497 nm and an emission wavelength of 521 nm. Triton X-100 (Kodak, Rochester, NY, USA), was added to the sample at 0.5% (v/v) and the samples were remeasured. Determination of lipoplex association and cellular uptake are as previously described. 6, 39 Cellular uptake of fluorescently labeled latex beads Fluorescently labeled latex beads (Sigma) were added to CHO cells in serum-containing media and allowed to incubate for 2 or 4 h. The cells were then washed twice with PBS to remove bound latex beads, and covered in PBS. The fluorescence levels of the exposed cells were measured by a plate reader. Before addition of the beads to cells, the beads were dialyzed with Spectra/ molecularporous membranes (Spectrum Medical Industries, Los Angeles, CA, USA), molecular cutoff of 3500, overnight in distilled water at 4°C to remove detergent present in the bead solution. Beads were mixed thoroughly before addition to cells. No cell toxicity was found by visual inspection due to latex bead addition. Latex bead fluorescence data were normalized so as to represent an equal amount of fluorescence addition to each cell well.
